INTRODUCTION
============

Influenza virus causes the flu, killing several thousand people every year worldwide, and in the 3 pandemic flu outbreaks occurred in the 20th century. The most recent influenza pandemic was of the H1N1 subtype, which began in Mexico in 2009 ([@B1][@B2][@B3]). Currently, for influenza prevention, vaccines against H1N1 and H3N2 subtypes of the influenza A virus, and 2 antigenically distinct virus lineages called the Yamagata and Victoria lineages are used as antigens, but these vaccines are not very effective.

Influenza A has two major antigenic membrane proteins, viz., hemagglutinin (HA) and neuraminidase (NA), and the virus is sub-classified by the subtypes of HA (H1--H16) and NA (N1--N9) ([@B4][@B5]). Sialic acid residues of the target cell membrane receptors, to which the influenza HA binds, is cleaved by the viral NA, allowing the release of the progeny viruses that can infect new cells ([@B6]). Although oseltamivir, which inhibits viral NA, is widely used as an antiviral agent to control the influenza virus infection, the incidences of infections with new oseltamivir-resistant viral strains have been recently reported ([@B7]). Thus, development of novel antiviral drugs is urgently needed to contain these mutant viruses.

During infection, the HA of the influenza virus binds to the sialic acid-containing receptors of the target cells, and also participates in the fusion of the virus with the endosomal membranes to mediate endocytosis ([@B8]). This makes the HA one of the most promising targets for the development of inhibitors of influenza virus entry. As inhibition of HA can blunt the initial step of virus infection, conserved sites in HA can be novel targets for the broad-spectrum anti-influenza drugs ([@B9]).

Morin hydrate (2′,3,4′,5,7-petahydroxyflovone) is a natural flavonoid from *Morus alba* L. ([@B10]), with anti-oxidant ([@B11]), anti-inflammatory ([@B12]), anti-apoptotic ([@B13]), and anti-cancer ([@B10]) activities. In addition, it showed neuroprotective effects in Parkinson disease ([@B14]). Although it is known that morin hydrate inhibits NF-кB signaling pathway and autophagy pathway ([@B14][@B15]), the detailed molecular mechanism of the compound has not been reported.

Recently, morin hydrate was shown to have antiviral activity against influenza virus ([@B16]), but this was not assessed *in vivo*. In the current study, we showed the significant antiviral effect of morin hydrate by its ability to inhibit the endocytosis of influenza A/Puerto Rico/8/1934 (A/PR/8; H1N1) into host cells. Also, it reduced the A/PR/8-associated pulmonary inflammation and viral replication in the lungs of the infected mice. Furthermore, the combined treatment with oseltamivir phosphate and morin hydrate reduced the A/PR/8-associated pulmonary inflammation as well as inhibiting the virus replication, as compared to those treated with oseltamivir phosphate alone. We proposed morin hydrate as a complementary antiviral agent to contain the oseltamivir-resistant influenza virus and reduce the pulmonary inflammation induced by the influenza infection.

MATERIALS AND METHODS
=====================

Virus, cells, and reagents
--------------------------

Influenza A/Puerto Rico/8 H1N1 (A/PR/8) and A549 cells were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA) and oseltamivir-resistant A/PR/8 was selected from A549 cells following several rounds of culture with oseltamivir carboxylate (Santa Cruz Biotechnology, Dallas, TX, USA). After that, amino acid sequence analysis of oseltamivir-resistant A/PR/8 confirmed that the amino acid number 272 of the HA protein was converted from proline to serine. A549 cells were maintained in DMEM supplemented with 10% FBS and 1% antibiotic-antimycotic solution. Antibiotic-antimycotic solution, FBS, and DMEM were supplied by Gibco BRL (Invitrogen Life Technologies, Karlsruhe, Germany). TPCK-Trypsin was purchased from Pierce (Thermo Fisher Scientific, Rockford, IL, USA). Sulforhodamine B (SRB) was purchased from Sigma-Aldrich (St. Louis, MO, USA). The tissue culture plates were purchased from Falcon (BD Biosciences, San Jose, CA, USA).

*In vitro* assessment of antiviral activity
-------------------------------------------

*In vitro* antiviral activity of morin hydrate was determined based on the inhibition of viral cytopathy, and the extent of cell survival was measured using SRB assay ([@B5]). For this, A549 cells were used as hosts for A/PR/8 and oseltamivir-resistant A/PR/8 viruses.

Time course experiment
----------------------

A549 cells infected with 1×10^3^ plaque forming units (pfu)/90 μl of A/PR/8 were harvested at the indicated time points including 8, 10, 12, 14, and 16 h post-infection. Morin hydrate (Sigma-Aldrich, St. Louis, MO, USA) and oseltamivir carboxylate (Santa Cruz Biotechnology, Dallas, TX, USA) were added at the time of infection. Total RNA was isolated at the indicated time points post-infection, and the level of polymerase acidic protein (PA) gene of A/PR/8 was analyzed using real time-PCR.

Time-of-addition assay
----------------------

Morin hydrate and oseltamivir carboxylate were added to A549 cells either at the time of (0 h), or after A/PR/8 infection (1, 2, 4, 6, 8, 10, and 12 h). For all *in vitro* experiments, oseltamivir carboxylate, the active metabolite of the drug oseltamivir phosphate, was used. At 14 h post-infection, the virus-specific PA gene expression was analyzed by real-time PCR, using Thunderbird SYBR quantitative PCR (qPCR) Mix (Toyobo, Japan).

Detection of influenza A nucleoprotein (NP)
-------------------------------------------

A549 cells cultured for 24 h were treated with 1×10^3^ pfu of A/PR/8 and 250 μM morin hydrate. After 4, 6, and 8 h, the cells were washed thrice with PBS for 5 min and fixed in 100% methanol. Influenza A virus particles were detected though immunofluorescence of NA as previously reported ([@B17]). Anti-influenza A virus NP antibody and Alexa Fluor 647-labeled goat-anti mouse IgG H&L antibody (Abcam, Cambridge, MA, USA) were used. Nuclei were counterstained with DAPI and analyzed using a fluorescence microscope at the Central Laboratory of Kangwon National University.

Hemagglutination assay
----------------------

Hemagglutination inhibition assay was used to measure the effect of morin hydrate on virus adsorption to cells. First, 40 µl of influenza virus suspension was incubated with 10 µl morin hydrate for 1 h at room temperature, and added to an equal volume of 2.5% chicken erythrocyte suspension in PBS in a U round-bottom 96-well plate (Thermo Fisher Scientific). The mixture was incubated for 2 h at room temperature, before measuring the extent of erythrocyte aggregation.

Hemolysis inhibition assay
--------------------------

The inhibitory effect of morin hydrate on A/PR/8 fusion with host cells was analyzed using hemolysis inhibition assay. Briefly, 100 µl (100 µM) of morin hydrate was mixed with an equal volume of virus and incubated at room temperature for 30 min, followed by the addition of 200 µl of 2% chicken erythrocytes and incubation at 37°C for another 30 min. Next, 100 µl of 0.5 M sodium acetate at different pHs was added to this mixture, followed by incubation at 37°C for 30 min. The mixtures were centrifuged at 1,200 rpm for 6 min to separate the intact erythrocytes, and the hemoglobin concentration in the supernatant was spectrophotometrically analyzed ([@B2][@B18]).

Western blot analysis
---------------------

Total protein lysates from A549 cells were prepared by sonicating cells in lysis buffer (iNtRON Biotechnology, Inc., Seongnam, Korea). Equal amounts of lysates were analyzed using western blot. Primary antibodies against NP (SinoBiological, 11675-RP01) and β-actin (Cell Signaling Technology, Danvers, MA, USA) were used, and these were labeled with goat-anti-rabbit and goat-anti-mouse antibodies conjugated with horseradish peroxidase (HRP), respectively (Cell Signaling Technology). The HRP was developed using the enhanced chemiluminescence method with femtoLUCENT™ PLUS (G-biosciences, St. Louis, MO, USA).

Quantitative real-time PCR
--------------------------

Tissue RNA was extracted using the RNA Extraction Mini kit (Qiagen, Hilden, Germany) and reverse transcription was performed using the cDNA Synthesis Mini kit (TAKARA, Shiga, Japan). Quantitative real-time PCR was carried out using THUNDERBIRD™ SYBR QPCR Mix (Toyobo Co., Ltd., Osaka, Japan). The detection of A/PR/8 PA gene was performed using qRT-PCR. The following primers were used: PA forward primer: 5′-CGGTCCAAATTCCTGCTGAT-3′, PA reverse primer: 5′-CATTGGGTTCCTTCCATCCA-3′. The following β-actin primers were used: Forward Primer: 5′-CCTAGGCACCAGGGTGTGAT-3′ and Reverse Primer: 5′-TCTCCATGTCGTCCCAGTTG-3′. The cycling conditions were as follows: 95°C for 3 min, followed by 40 cycles of 95°C for 30 s, 61°C for 30 s, and 72°C for 30 s. The results were analyzed with real-time system AB 7900 HT software (Life Technologies), and all values were normalized to the levels of β-actin.

Mice and virus infection
------------------------

Six-wk-old female C57BL/6 mice were purchased from Orent-Bio (Orient Bio Inc., Seongnam, Korea). They were anesthetized with intraperitoneal injection of a mixture of ketamine (100 mg/kg) and xylazine (20 mg/kg) and intranasally infected with 5×10^3^ pfu/30 μl of virus. They were orally administered with oseltamivir phosphate (5 mg/kg), or morin hydrate (10 mg/kg), or both once a day for 5 days; their body weight and survival were monitored. All animal experiments were approved by the Institutional Animal Care and Use Committees (IACUC) of Kangwon National University (Permit Number: KW-161101-2).

Histology and histopathology analysis
-------------------------------------

Lung tissues were fixed overnight in 4% formaldehyde. The tissues were dehydrated by gradually soaking them in alcohol and xylene and then embedded in paraffin. Sections (10 μm) were stained with H&E and mounted on glass slides. The stained tissues were examined by a pathologist under a light microscope (Olympus CX41; Olympus, Tokyo, Japan). For histomorphometric analyses, inflammation in the lungs was examined, and if there were inflammations, they were classified into minimal, mild, moderate, and severe according to their extent and severity. Their sizes were measured using an image analyzer (i-Solution Lite; IMT i-Solution Inc., Burnaby, Canada).

Cytokine and chemokine analysis
-------------------------------

The levels of CCL2, IL-1β, and TNF-α were measured using mouse ELISA Ready-SET-GO kit (eBioscience, Thermo Fisher Scientific), following the manufacturer\'s instructions. The absorbance was then measured at 450 nm using a SpectraMax 340 instrument (Molecular Devices, San Jose, CA, USA).

RESULTS
=======

Antiviral activity of morin hydrate against A/PR/8 and oseltamivir-resistant influenza A virus *in vitro*
---------------------------------------------------------------------------------------------------------

Morin hydrate (250 μM) significantly reduced A/PR/8 virus-induced cytotoxicity, while at a 125 μM concentration, it was marginally effective ([Fig. 1A](#F1){ref-type="fig"}). Positive control with \>2 μM oseltamivir carboxylate protected the cells from the virus-induced cytotoxicity, but about 40% of cells died even with 10 μM oseltamivir treatment ([Supplementary Fig. 1A](#S1){ref-type="supplementary-material"}). When treated with 125 μM morin hydrate and 2 μM oseltamivir carboxylate together, viability of the A/PR/8-infected cells improved significantly ([Fig. 1B](#F1){ref-type="fig"}). At these concentrations, oseltamivir carboxylate was not effective against oseltamivir-resistant influenza A virus ([Supplementary Fig. 1B](#S1){ref-type="supplementary-material"}), but 250 μM morin hydrate protected the cells from the cytotoxicity induced by this oseltamivir-resistant A/PR/8 ([Fig. 1C and D](#F1){ref-type="fig"}); oseltamivir did not show increased antiviral activity against this virus even combined with morin hydrate ([Fig. 1D](#F1){ref-type="fig"}). We also confirmed the there was no significant cytotoxicity of morin hydrate and oseltamivir carboxylate alone ([Supplementary Fig. 2](#S2){ref-type="supplementary-material"}).

![Antiviral activity of morin hydrate against A/PR/8 and oseltamivir-resistant influenza A virus *in vitro.* A549 cells were infected with 1×10^3^ pfu of A/PR/8 (A, B) or oseltamivir-resistant influenza A virus (C, D) and incubated with oseltamivir carboxylate and/or morin hydrate at the indicated concentrations for 48 h. Cell viability was determined using SRB assay. (E) Western blotting to detect NP in A/PR/8-infected and non-infected A549 cells after 24 h-treatment with vehicle or 250 μM of morin hydrate. (F) The ratios of NP to β-actin levels based on the quantification of the bands in the immunoblot shown in (E). (G) A549 cells were infected with 1×10^3^ pfu of A/PR/8, and harvested at the indicated time points after treatment with 250 µM morin hydrate or 10 µM oseltamivir carboxylate. Total RNA was isolated and expression levels of viral PA RNA was analyzed using RT-qPCR. Data are expressed as the mean±SEM of the values from three independent experiments.\
^\*^p\<0.05, ^\*\*^p\<0.01 and ^\*\*\*^p\<0.001 based on the ANOVA with Bonferroni\'s multiple comparison test.](in-20-e32-g001){#F1}

Viral NP protein was detected in A549 cells 24 h after the infection with A/PR/8, and 250 µM morin hydrate dramatically reduced the NP levels ([Fig. 1E and F](#F1){ref-type="fig"}). Significant amounts of viral RNA were seen in the cells 10 h post-infection; treatment with morin hydrate or oseltamivir carboxylate significantly reduced the viral RNA levels ([Fig. 1G](#F1){ref-type="fig"}). Thus, morin hydrate showed antiviral activity against A/PR/8 *in vitro*.

Effect of morin hydrate on the intracellular entry of A/PR/8 virus
------------------------------------------------------------------

Morin hydrate exhibited bi-phasic antiviral response against influenza infection; it was the most effective when added at the time of infection and marginally effective at 8 h after infection, suggesting that its mode of action was distinct from that of oseltamivir ([Fig. 2A](#F2){ref-type="fig"}).

![Restriction of entry of influenza virus into host cells by morin hydrate. (A) 250 µM morin hydrate or 10 µM oseltamivir carboxylate was added to A/PR/8-infected A549 cells at the indicated time points. The percentage of viable cells was calculated at 14 h post-infection. Viral RNA was analyzed using RT-PCR. (B) A549 cells were infected with 1×10^3^ pfu of A/PR/8 and treated with 250 µM morin hydrate. Cells were harvested at 4, 6, and 8 h post-infection, and stained to detect NP under a fluorescence microscope. (C) For the hemolysis inhibition assay, a mixture of 100 µM morin hydrate and 1×10^3^ pfu of A/PR/8 were added to freshly obtained chicken erythrocytes and incubated at pHs 4.7, 4.9, and 5.1 at 37°C for 30 min. After a brief centrifugation, the released hemoglobin in the supernatants was estimated by measuring the OD at 540 nm. (D) For hemagglutination assay, chicken erythrocytes were mixed with A/PR/8 virus and 50 µM and 100 µM morin hydrate.](in-20-e32-g002){#F2}

Influenza virus NP encapsulates the viral RNA and forms a viral ribonucleoprotein complex, which is released into the cytoplasm and later translocated to the nucleus ([@B19]). NP was seen in the nucleus of the infected cells 4 h post-infection ([Fig. 2B](#F2){ref-type="fig"}), and at 6 h, the NP levels in the nucleus increased. At 8 h post-infection, the NP distribution indicated that virus was present throughout the cell. However, in morin hydrate-treated virus infected cells, NP was not detected until 6 h after infection, and was seen in the nuclei of only a few cells, only at 8 h post-infection. These results suggested that morin hydrate could inhibit A/PR/8 virus entry at the initial stage of infection ([Fig. 2B](#F2){ref-type="fig"}). In the hemolysis inhibition assay, we found that morin hydrate did not change the extent of hemolysis, implying that it was not able to inhibit the viral HA-mediated membrane fusion ([Fig. 2C](#F2){ref-type="fig"}).

In the hemagglutination assay, 50 and 100 μM morin hydrate inhibited the agglutination of RBC, suggesting that it inhibited the binding of virus to host cell membranes ([Fig. 2D](#F2){ref-type="fig"}). In the molecular docking study, morin hydrate could bind to HA1, indicating a possible synergistic antiviral effect of morin hydrate and oseltamivir carboxylate against the A/PR/8 virus ([Supplementary Fig. 3](#S3){ref-type="supplementary-material"}). Collectively, these results suggested that morin hydrate inhibited the entry of the virus into host cells.

Effect of morin hydrate on the progression of A/PR/8 virus infection in mice
----------------------------------------------------------------------------

To study the antiviral activity of morin hydrate *in vivo*, we intranasally infected the mice with sublethal dose of A/PR/8 (5×10^3^ pfu/mouse), followed by administration of 5 mg oseltamivir phosphate and 10 mg morin hydrate/kg body weight. We found that infected mice treated with oseltamivir phosphate and morin hydrate lost lesser weight than those treated with PBS (vehicle) ([Fig. 3A](#F3){ref-type="fig"}). Treatment with morin hydrate significantly inhibited the expression of PA gene 7 days post infection, indicating that inclusion of morin hydrate with oseltamivir phosphate in the treatment resulted in better control of the virus ([Fig. 3B](#F3){ref-type="fig"}). Similar results were seen in mice infected with 5×10^3^ pfu of GFP-expressing A/PR/8 (A/PR/8-GFP) virus ([Fig. 3C](#F3){ref-type="fig"}). The extensive hemorrhagic areas in the lungs of mice infected with A/PR/8, were drastically reduced following treatment with morin hydrate and oseltamivir phosphate ([Fig. 3D](#F3){ref-type="fig"}). These results suggest that the combination of morin hydrate and oseltamivir phosphate formed a very effective antiviral strategy.

![Antiviral activity of morin hydrate in A/PR/8-infected mice. Mice were intranasally infected with 5×10^3^ pfu of A/PR/8 or A/PR/8-GFP per mouse and treated with 10 mg/kg morin hydrate or 5 mg/kg oseltamivir phosphate for 5 days. (A) Changes in the body weight of mice. (B) The replication of A/PR/8 in the lungs of infected mice at 7 days post-infection was calculated using RT-qPCR and shown as the mean±SEM after normalization with β-actin. (C) The expression levels of GFP in the lung tissues of mice infected with A/PR/8-GFP, shown as the mean fluorescence intensity±SD. (D) The representative gross pictures of lungs and the proportion of hemorrhagic areas.\
^\*^p\<0.05, ^\*\*^p\<0.01, and ^\*\*\*^p\<0.001, based on ANOVA with Bonferroni\'s multiple comparison test.](in-20-e32-g003){#F3}

Status of inflammation in A/PR/8-infected mice after morin hydrate treatment
----------------------------------------------------------------------------

To confirm the ability of morin hydrate to inhibit inflammation, we treated the A/PR/8-infected mice with morin hydrate or oseltamivir phosphate, and found that morin hydrate significantly decreased the levels of CCL2 and TNF-α, whereas oseltamivir phosphate reduced TNF-α and IL-1β in the lungs at 7 days post-infection ([Fig. 4](#F4){ref-type="fig"}). These results suggested that treatment with oseltamivir phosphate and morin hydrate reduced A/PR/8-associated pulmonary inflammation.

![Reduction of pulmonary inflammation by morin hydrate in A/PR/8-infected mice. Mice were infected with 5×10^3^ pfu of A/PR/8 per mouse and treated with morin hydrate and/or oseltamivir phosphate for 5 days. (A) CCL-2, (B) TNF-α, and (C) IL-1β levels were estimated in the supernatants of lung tissue homogenates at 7 days post-infection. Data are expressed as the mean±SEM of the values from 3 independent experiments.\
^\*^p\<0.05, ^\*\*^p\<0.01, and ^\*\*\*^p\<0.001, based on ANOVA with Bonferroni\'s multiple comparison test.](in-20-e32-g004){#F4}

Effect of morin hydrate on the antiviral activity of oseltamivir
----------------------------------------------------------------

To assess the combined effect of morin hydrate and oseltamivir phosphate, mice infected with a lethal dose of A/PR/8 (10^5^ pfu/mouse) were treated with 5 mg oseltamivir phosphate/kg body weight with or without morin hydrate every day for 5 consecutive days after infection. We found that the combination treatment significantly reduced infection-induced mortality, compared to oseltamivir phosphate treatment alone. This suggested that antiviral activity of oseltamivir phosphate was enhanced by morin hydrate ([Fig. 5A](#F5){ref-type="fig"}). Pulmonary inflammation was also attenuated in infected mice after treatment with morin hydrate and oseltamivir phosphate. Reduced pulmonary infiltration by immune cells and very limited lung inflammation was seen in infected mice after treatment with oseltamivir phosphate and morin hydrate together ([Fig. 5B](#F5){ref-type="fig"}). In these mice, CCL2 and IL-1β levels in the lungs also reduced to a great extent ([Fig. 5C](#F5){ref-type="fig"}). These results suggested that the inflammation caused by influenza infection were mitigated by the combined treatment with morin hydrate and oseltamivir phosphate.

![Improved survival of virus-infected mice after treatment with a combination of oseltamivir phosphate and morin hydrate. Mice were infected with 10^5^ pfu of A/PR/8 virus per mouse and treated with oseltamivir phosphate alone or in combination with morin hydrate. (A) Survival of mice was monitored for 10 days following infection. Log-rank test for comparison with A/PR/8-infected group. (B) Lung histology of mice infected with A/PR/8 and treated with oseltamivir phosphate, with or without morin hydrate, on day 5 post-infection. (C) CCL-2, TNF-α, and IL-1β levels in the lung homogenates. The data are expressed as the mean±SEM of the values from three independent experiments.\
^\*^p\<0.05, ^\*\*^p\<0.01, and ^\*\*\*^p\<0.001, based on ANOVA with Bonferroni\'s multiple comparison test.](in-20-e32-g005){#F5}

DISCUSSION
==========

RNA genome of the influenza virus has high rate of mutations, and this can make antiviral drugs less effective or completely ineffective in alleviating the infection. Currently, there are several antiviral drugs for the treatment of influenza infection. They can be classified into three categories, depending on their mechanisms of action, as neuraminidase inhibitors (oseltamivir, zanamivir, peramivir, and lanaminivir) ([@B20]), ion channel blockers (rimantadine and amantadine) ([@B21]), and cap-dependent endonuclease inhibitors (baloxavir marboxil) ([@B22]). Four of these, namely, oseltamivir, zanamivir, peramivir, and baloxavir marboxil, are approved by the Food and Drug Administration, and are currently used in the United States. However, the emergence of antiviral drug-resistant influenza viruses either during antiviral treatment, or spontaneously, is a serious problem. Oseltamivir, the most commonly prescribed anti-influenza drug, inhibits the viral NA, and prevents its propagation. Oseltamivir resistance of the 2009 pandemic H1N1 A (H1N1pdm09) virus occurred due to the genetic change of H275Y mutation in ([@B23][@B24]), which also reduced the effect of peramivir ([@B25]), while zanamivir ([@B26]) remained effective. More seriously, there can be other mutations, in addition to H275Y, which could result in resistance to the currently available antiviral drugs. Therefore, to negate the resistance of influenza viruses to antiviral drugs, it is necessary to expand the pool of new drug candidates with novel modes of action.

Medicinal plant extracts are increasingly being projected as alternative sources of antiviral agents, because of their multiple targets, minor side effects, and lower chance of development of resistance by the target viruses ([@B27][@B28][@B29][@B30]). Previously, we showed the antiviral activities of betulinic acid from *Zizyphus jujuba*, and hederasaponin F isolated from *Hedera helix* L. against influenza virus ([@B5][@B31]). Previous studies also suggested that pterodontic acid from *Laggera pterodonta* ([@B32]), silymarin ([@B33]), and brevilin A ([@B34]) inhibited the replication of influenza virus. More interestingly, quercetin, which has a chemical structure similar to morin hydrate, inhibited the influenza virus from entering the host cells ([@B35]).

Although the details of the anti-inflammatory mechanisms of morin hydrate are still not clear, it is reported to have anti-inflammatory effect in inflammatory bowel disease through the inhibition of nitric oxide synthase activity and in ameliorating Alzheimer\'s disease by reducing oxidative stress ([@B36][@B37]). In addition, morin hydrate inhibits TREM-1/TLR4-mediated inflammatory responses in the mouse model of carbon tetrachloride-induced liver injury ([@B38]). Besides, morin hydrate exerts its anti-inflammatory effects in atherosclerosis through autophagy regulation and reduces TNF-α expression mediated by cAMP-PKA-AMPK-SIR1 signaling pathway ([@B12]). Morin hydrate also regulates NF-κB pathway, leading to reduced production of pro-inflammatory cytokines, such as TNF-α, IL-6, cyclooxygenase-2, prostaglandin E2, in animal model of colon cancer ([@B36]), and inhibits IL-1β-induced inflammation in osteoarthritis model ([@B37]). In this study, we observed that mice treated with morin hydrate showed decreased levels of pro-inflammatory cytokines in lungs during influenza infection, which may be associated with its effects on immune cells, in addition to direct inhibition of influenza virus entry. It reduced the expression of LPS-induced TNF-α and IL-1β in RAW264.7 macrophage cell line ([@B10]) and also inhibited TREM-1, which is highly expressed receptor in neutrophils, monocytes and macrophages ([@B38][@B39][@B40]). However, further studies are needed to understand whether the anti-viral effects of morin hydrate are mediated through modulation of immune cell activation, or solely through the inhibition of influenza virus entry.

Influenza virus infects millions, causing severe illness and with about 250,000 to 500,000 casualties every year ([@B41]). The risk comes from uncontrolled pro-inflammatory responses, called as 'cytokine storm' ([@B41]). When influenza virus invades lungs, infected epithelial cells express CCL2, and other pro-inflammatory cytokines to recruit innate immune cells, such as alveolar macrophages, monocytes and neutrophils, and ([@B42]). In the host cells, viral RNA is sensed by RIG-I receptors that initiates NOD-like receptor protein 3-induced inflammasome to produce IL-1β in both, immune cells and non-immune cells, like epithelial cells ([@B43]). Excessive production of those cytokines, which are closely associated with cytokine storm, sometimes causes detrimental effects in patients ([@B41]). In this context, we propose that the use of morin hydrate may prove to be one of the promising approaches to control the excessive inflammation in virus-mediated cytokine storm, by reducing the production of CCL2 and IL-1β.

Considering the effectiveness of morin hydrate on oseltamivir-resistant influenza virus, we thought that the mechanism of action of morin hydrate is probably different from that of oseltamivir. The stage of viral infection (entry, fusion and uncoating, nuclear import of viral RNA, replication, translation, packaging, and release) that was targeted by morin hydrate is not known. The results of our time-course and time-of-addition experiments suggested that morin hydrate had its effect at the early phase of viral life cycle. Next, we tried to find out whether morin hydrate inhibits the entry of influenza virus into cells or prevents the fusion of the viral envelope with the endosomal membrane. The results of hemolysis inhibition and hemagglutination assays suggested that morin hydrate blunted the endocytosis of influenza virus, but did not inhibit the fusion step.

Combination therapy involving 2 or more antiviral drugs may increase the antiviral efficacy and, the combination of compounds that interfere with different steps in the viral life cycle may be more useful in suppressing the emergence of drug-resistant variants, compared to monotherapy ([@B44]). For example, a combination of ribavirin, an inhibitor of viral RNA synthesis and capping, and neuraminidase inhibitors is known to exhibit synergistic activity against H1N1 virus *in vitro* ([@B45]). Therefore, the combined treatment with three antiviral drugs, amantadine, an inhibitor of viral shedding, ribavirin, and oseltamivir, showed synergistic activity *in vitro* even against the adamantanes- or oseltamivir-resistant 2009 pandemic H1N1 virus.

In the current study, we found that morin hydrate alone, or in combination with oseltamivir phosphate, showed antiviral activity against A/PR/8 in vitro and in mice. The molecular docking study suggested that morin hydrate binds to HA1, showing the possibility of an additive effect of the combination of morin hydrate with oseltamivir, which is an inhibitor of viral NA. Moreover, morin hydrate was found to be effective against oseltamivir-resistant influenza A viruses. It reduced the loss of body weight in mice infected with A/PR/8, and inhibited the viral replication in the lungs. Furthermore, the combination therapy of morin hydrate and oseltamivir phosphate reduced mortality and remarkably reduced lung inflammation in infected, than the oseltamivir phosphate single treatment. Together, our results suggest that morin hydrate demonstrates an antiviral effect that is further enhanced when administered in combination with oseltamivir, the currently used antiviral drug.
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SUPPLEMENTARY MATERIALS
=======================

###### Supplementary Figure 1

Antiviral activity of oseltamivir carboxylate against A/PR/8 and oseltamivir-resistant A/PR/8 *in vitro*. A549 cells were infected with 1×10^3^ pfu of (A) A/PR/8 and (B) oseltamivir-resistant A/PR/8, and treated with different concentrations of oseltamivir carboxylate. Cell viability was analyzed by the SRB assay, and determined based on the OD of the samples at 524 nm. Bar graphs show the mean±SD.

###### Supplementary Figure 2

3×10^4^ A549 cells/well were seeded in a 96-well culture plate. On the next day, they were treated with (A) morin hydrate, (B) oseltamivir carboxylate, (C) 125 μM morin hydrate with oseltamivir carboxylate, and (D) 250 μM morin hydrate with oseltamivir carboxylate for 2 days. Results are presented as the mean percentage values from 3 independent experiments, carried out in triplicates.

###### Supplementary Figure 3

Docking of morin hydrate to HA 1 protein (PDB: 1RU7). The analysis was performed using the PyRx software (ver. 0.8); results were visualized using PyMol software (ver. 2.3). (A) The binding sites of morin hydrate (red) to the HA protein. (B) The anchoring residues between morin hydrate and stem residues of HA are denoted in cyan color. Hydrogen bonding interaction is denoted by dashed green-colored lines.

[^1]: ^†^Eun-Hye Hong and Jae-Hyoung Song are co-first authors.
